In recent years, significant progress was made, particularly through the use of the macaque monkey, in identifying three types of local factors that are induced by the midcycle LH surge and play a critical role in ovulation and/or luteinization of the primate follicle. The ovulatory gonadotropin surge increases prostaglandin (PTG, typically abbreviated PG) levels in follicles prior to rupture; although considerable attention has focused on LH stimulation of the "inducible" form of PG G/H synthase (PTGS2), other aspects of PG synthesis (notably a phospholipase A 2 , cPLA2, and a PGE synthase, PTGES) and metabolism (15-hydroxy PG dehydrogenase, HPGD) also appear LHregulated and may control the timing of the PG rise in the ovulatory follicle. Local (intrafollicular) ablation and replacement of PGs suggests that PGE2 is essential for release of the oocyte; but not necessarily for follicle rupture, and not for luteinization. Novel PGE-regulated genes are being identified in macaque granulosa cells, including adipose differentiation-related protein (ADFP). Similar types of studies indicate that the rise in progesterone (P) synthesis, as well as the induction of the genomic P receptor in granulosa cells, is essential for both ovulation and luteinization of the primate follicle. Limited data suggest that P action controls cell cycle activity (via cyclin B1 and cyclin-dependent kinase inhibitor p27), cholesterol uptake and utilization (e.g., low density lipoprotein or LDL receptor), proteases and their inhibitors (matrix metalloproteinase or MMP1; tissue inhibitor of MMP or TIMP1) and cell health in the granulosa cell layer. Finally, members of two classes of angiogenic factors, originally proposed as important for embryonic and pathologic (tumorigenic) vasculogenesis, appear induced in the granulosa layer of the preovulatory follicle, i.e., vascular endothelial growth factor (VEGF) and angiopoietin (ANGPT).
ABSTRACT
In recent years, significant progress was made, particularly through the use of the macaque monkey, in identifying three types of local factors that are induced by the midcycle LH surge and play a critical role in ovulation and/or luteinization of the primate follicle. The ovulatory gonadotropin surge increases prostaglandin (PTG, typically abbreviated PG) levels in follicles prior to rupture; although considerable attention has focused on LH stimulation of the "inducible" form of PG G/H synthase (PTGS2), other aspects of PG synthesis (notably a phospholipase A 2 , cPLA2, and a PGE synthase, PTGES) and metabolism (15-hydroxy PG dehydrogenase, HPGD) also appear LHregulated and may control the timing of the PG rise in the ovulatory follicle. Local (intrafollicular) ablation and replacement of PGs suggests that PGE2 is essential for release of the oocyte; but not necessarily for follicle rupture, and not for luteinization. Novel PGE-regulated genes are being identified in macaque granulosa cells, including adipose differentiation-related protein (ADFP). Similar types of studies indicate that the rise in progesterone (P) synthesis, as well as the induction of the genomic P receptor in granulosa cells, is essential for both ovulation and luteinization of the primate follicle. Limited data suggest that P action controls cell cycle activity (via cyclin B1 and cyclin-dependent kinase inhibitor p27), cholesterol uptake and utilization (e.g., low density lipoprotein or LDL receptor), proteases and their inhibitors (matrix metalloproteinase or MMP1; tissue inhibitor of MMP or TIMP1) and cell health in the granulosa cell layer. Finally, members of two classes of angiogenic factors, originally proposed as important for embryonic and pathologic (tumorigenic) vasculogenesis, appear induced in the granulosa layer of the preovulatory follicle, i.e., vascular endothelial growth factor (VEGF) and angiopoietin (ANGPT).
Local injection of antagonists to VEGF (soluble VEGF receptor) and ANGPT (the natural antagonist ANGPT2) into the preovulatory follicle suppressed ovulation and luteinization in monkeys, possibly by disrupting the structure-function of existing vessels or preventing angiogenesis in the avascular granulosa layer. Further studies using high-throughput genomic and proteomic analysis, particularly on specific cell types (e.g., granulosa, theca and microvascular cells) and distinct follicular regions (apex, base and cumulus-oocyte complex) of the dominant follicle in natural menstrual cycles, are needed. Such information is essential to advance our understanding of the cascade of events leading to ovulation and luteinization of the primate follicle, to unravel the causes of ovary-based infertility and to consider novel ovary-selective approaches to contraception.
INTRODUCTION
As summarized recently by Espey and colleagues (1) , the ovulatory process encompasses those events in the granulosa and theca cells of the mature follicle that are initiated by the midcycle gonadotropin (luteinizing hormone, LH) surge and lead to follicle rupture and release of a fertilizable oocyte (2, 3) . This "cascade" of events includes direct actions of LH, as well as indirect effects mediated by LH-induced local factors (4) , that ultimately alter every cell type in (e.g., granulosa cells, theca cells, cumulus-oocyte complex (5, 6, 7)) or recruited to (e.g., immune cells (8)) the follicle. Superimposed on the ovulatory process in many species, particularly those in which LH is a primary luteotropic hormone, is the luteinization process that converts the follicle wall into the progesterone-secreting endocrine gland called the corpus luteum (9) . This process begins early after the onset of the gonadotropin surge and extends beyond ovulation for a number of days until luteal development during the ovarian cycle is complete. There is some compartmental distinction; ovulation requires changes in the granulosa-cumulus-oocyte complex (COC) to allow its release from the follicle wall (10) and in the follicle apex to allow rupture and extrusion of the antral fluid and COC, whereas luteinization involves remarkable changes in the steroidogenic and vascular characteristics of the remaining follicle wall. Nevertheless, to date, investigators have routinely used whole ovaries, or follicles, or at best aspirates of one cell type (granulosa cells) to study processes in the ovulatory, luteinizing follicle.
In the past few years, modern molecular techniques permitting high-throughput genomic analysis, including differential display-reverse transcriptase-polymerase chain reaction, suppression subtractive hybridization and DNA microarrays, were used to identify gonadotropin-regulated genes and gene expression during follicular development (11) . Most of the data on the temporal pattern of expression of ovulation/luteinization-related genes were obtained from rodent models (1, 12) ; approximately 70 such genes were identified, which can be divided into subsets associated with immediate-early gene response, steroidogenesis, angiogenesis, inflammatory response, etc. Progress in understanding the molecular and cellular events associated with follicle ovulation and luteinization in other species has been slower, in part because of logistic problems (e.g., the ovulatory process is much longer in primates and domestic animals) and the difficulty of getting adequate tissue at precise intervals after the onset of the gonadotropin surge for analysis. Nevertheless, significant advances are occurring, particularly in primate species, through the use of a nonhuman primate model, the Old World macaque monkey. This chapter will focus primarily on recent information collected on the vital roles of three types of LH-induced local factors in ovulation and/or luteinization in the primate follicle.
PROSTAGLANDIN SYNTHESIS AND ACTION
A critical role for prostaglandins (PTGs, or commonly PGs) in follicle function was first proposed in the 1970s (for review, see (13) ), when it was determined that the nonsteroid anti-inflammatory drugs (NSAIDs), aspirin and indomethacin, inhibited ovulation in several nonprimate species independent of any actions on pituitary LH secretion. Since these drugs irreversibly inactivate the enzyme converting arachidonic acid into PGH2, the precursor for several bioactive PGs, it was hypothesized that intra-ovarian/follicular PGs were essential for follicle rupture and/or oocyte release from the follicle. Subsequent evidence that the midcycle gonadotropin surge (or an exogenous gonadotropin bolus in stimulated cycles) markedly increases the concentrations of PGE2 and PGF2alpha in follicles prior to ovulation was consistent with this hypothesis. However, the mechanisms whereby the gonadotropin surge increases intrafollicular PG levels, the individual PG(s) promoting ovulation, and the specific PG actions causing oocyte release remain under investigation. Recent studies, particularly in rodents and domestic animals, indicate that the gonadotropin surge stimulates the expression of an "inducible" form of PG G/H synthase, termed PTGS2, and that mutant mice deficient in Ptgs2
, but not the constitutive Ptgs1 (-/-) , isoform display ovulatory defects (14) . Moreover, since increased PTGS2 expression and elevated PG levels were consistently measured approximately 10 h before follicle rupture in several species, where the interval from onset of the gonadotropin surge to ovulation varied from 14 (rodents) to 48 h (horses), Sirois (15) proposed that PTGS2-mediated PG expression was the determining factor in the timing of ovulation in mammals. Limited data, again from nullmutant mice, suggest that PGE is an essential factor for ovulation, acting through the PGE receptor subtype PTGER2, or EP2 (16) . However, results varied depending on the age and genetic characteristics of mice. The release of the oocyte from the follicle requires both changes in the granulosa cells surrounding the oocyte (i.e., cumulus expansion) leading to release of the COC from the follicle wall, plus the lysis of the wall at the follicle apex to expel the antral fluid and COC. There is some evidence that PGs play a role in both processes, e.g., by activating proteases (17) but PG actions in the follicle remain poorly defined.
Duffy and colleagues recently used female macaque monkeys (18, 19) to determine if the midcycle gonadotropin surge stimulates PTGS2 expression and PG production in the ovulatory follicle in primates. In controlled ovarian stimulation cycles, PTGS2 mRNA levels and immunostaining were low-to-nondetectable in granulosa cells of large antral follicles prior to administration of the ovulatory hCG bolus, rose remarkably by 12 post-hCG injection, and remained elevated through 36 h post-hCG just prior to expected ovulation (36-40 h ). PGE2 and PGF2alpha concentrations in follicular fluid were low through 24 h post-hCG injection, but increased 100-fold by 36 h. Moreover, concomitant treatment with a PTGS2 inhibitor, celecoxib, beginning at hCG administration markedly suppressed PGE2 levels in follicular fluid specifically at 36 h (19) . These findings are consistent with the hypothesis that the midcycle LH surge promotes ovulation by stimulating PTGS2 gene expression and PG (E2 and F2alpha) production in the follicle. However, there may be some unique aspects in primates: (a) whereas PTGS2 expression in rodents and domestic animals appears limited to the granulosa cell layer of the follicle, PTGS2 expression and activity was detected in both the theca and granulosa cells of macaque and human follicles, and (b) the delay between PTGS2 expression (12 h post-hCG) and elevated PG levels (36 h post-hCG) suggests that the former event may not be the only factor controlling PG synthesis and PG-mediated ovulatory events in primates.
Additional studies by Duffy and colleagues suggest that the gonadotropin surge stimulates other steps (Figure 1 ), from the mobilization of arachidonic acid precursor to the suppression of PG metabolism, that would enhance PG, notably PGE2, levels in the primate ovulatory follicle. It is believed that members of the phospholipase A 2 (PLA2) enzyme family promote PG synthesis by the release of arachidonate precursor from cell membrane phospholipids (13) . Two of the three members capable of arachidonic acid release, cytosolic (c) PLA2 (PLA2G4A) and soluble (s) PLA2v, but not sPLA2IIA, were detectable in macaque granulosa cells (20) . Only one form, cPLA2, displayed 8-fold elevated mRNA expression within 24 hrs after administration of an ovulatory hCG bolus, followed by a marked increase in PLA2 activity in granulosa cell lysates by 36 h post-hCG injection. Notably, a cPLA2-selective inhibitor, arachidonyl trifluoromethyl ketone (ATFK), markedly suppressed PGE 2 production by primate granulosa cells following hCG exposure in vivo and acute (4 h) incubation in vitro. These data suggest that the gonadotropin surge in primates, and perhaps in rodents (21, 22), promotes arachidonic acid mobilization in the ovulatory follicle by selective induction of cPLA2. There are other active eicosanoids synthesized from arachidonic acid besides PGE2, including other PGs and thromboxanes (TXs) produced by the PTGS pathway, plus the unstable hydroperoxyeicosatetraenoic acids (HPETEs), their stable breakdown products hydroxyeicosatetraenoic acids (HETEs) and leukotrienes (LTs) produced by the lipoxygenase pathway (23, 24, 25) . It is possible, if not likely, that some of these eicosanoids also influence ovulation and luteinization. For example, there are reports that a lipoxygenase inhibitor (26) and LTB4 receptor antagonist (27) inhibits ovulation in rodents, and that HETEs influence progesterone production by human luteal cells (28) . However, detailed studies are needed to further evaluate the role of eicosanoids, other than PGE2, in the ovulatory, luteinizing follicle in primates.
The gonadotropin surge may also regulate the pattern and levels of follicular PGE2 by: (a) stimulating expression of the enzyme directly catalyzing PGE synthesis, and (b) controlling the degradation of PGE to inactive metabolites ( Figure 1 ). Duffy et al (29) reported that following the hCG bolus in gonadotropin-stimulated cycles, macaque granulosa cells gradually increased mRNA levels for one of the three forms of PTGE synthase (PTGES, but not PTGES2 or PTGES3), with PTGES protein levels peaking just prior to ovulation. The latter coincided with peak PGE2 levels in follicular fluid 36 h post-hCG administration. However, PGE2 production was also evident in theca cells from monkey and human periovulatory follicles (18, 30) , so a role for this compartment in PG-related events cannot be ruled out. It is well known that PGE2 can be metabolized to biologically inactive 15-keto PGE2 derivatives by 15-hydroxy PG dehydrogenase (HPGD) and then further degraded by other enzymatic and nonenzymatic methods (13) . The lung is the major site of HPGD activity (accounting for the short halflife of PGs in circulation), but this enzyme is expressed in other tissues and may play a role in controlling local PG levels and action, e.g., in the placenta. Duffy and colleagues (31) recently reported that HPGD expression and activity was present in the macaque preovulatory follicle in a pattern consistent with modulating PGE2 levels leading up to ovulation. Although low prior to exposure to the ovulatory hCG bolus, macaque granulosa cells transiently expressed HPGD mRNA at 12 h, but not 24-36 h post-hCG administration. HPGD protein was also evident at 0-24 h, but low-to-nondetectable prior to ovulation at 36 h. Likewise, levels of PGE metabolite (PGEM) were low at 0 h, but appreciable thereafter and peaking at 24 h prior to the marked increase in bioactive PGE2 at 36 h. Thus, it is possible that gonadotropinregulated HPGD plays a role in controlling the timing of the PGE2 rise, and hence the ovulatory interval, in the primate follicle.
Evidence from both monkeys and women support the concept that locally generated PGs, and particularly PGE2, are critical for ovulation but not luteinization of the primate follicle. Systemic administration of NSAIDs, as general PTGS1 inhibitors, around the time of the midcycle gonadotropin surge caused the development of luteinized unruptured follicles (32, 33) . More recent evidence that oral administration of specific PTGS2 inhibitors to women can disrupt timely ovulation, led to recommendations that these drugs should be avoided during fertility efforts (34) . Novel experiments injecting a general PTGS1 inhibitor (indomethacin (35) ) directly into the preovulatory follicle in monkeys confirmed that local PG synthesis is required for ovulation, but not luteal development; serial sectioning of ovaries identified trapped oocytes within the luteinizing walls of follicles, half of which appeared to have ruptured. However, co-injection of PGE2 with indomethacin eliminated any evidence of trapped oocytes or unruptured follicles. Nevertheless, the specificity of PGE action was not examined, e.g., by injecting other PGs such as PGF2alpha. Whether intrafollicular conversion of PGE2 to other bioactive PGs, such as PGF2alpha, plays a role in ovulatory events has not been evaluated. The mechanism(s) of action of PGs, and notably PGE2, in controlling ovulatory events in the primate follicle has received little attention. The presence of PG receptor subtypes is poorly defined in the primate ovary, although it is reported that human granulosa cells from ovulatory, luteinizing follicles express PTGER1 (EP1), PTGER2 (EP2) and PTGER4 (EP4) receptors for PGE2 (36, 37) . Recently, Seachord and colleagues (19) used microarray analysis with the Affymetrix (Santa Clara, CA) Human Gene FL array to compare mRNA expression by nonluteinized granulosa cells from macaque antral follicles after 40 h culture in the presence of an ovulatory dose of hCG alone or hCG plus PGE2 at a level found in ovulatory follicles (1 microgram/ml).
Twenty mRNAs were identified that differed by more than 2-fold expression between groups, including BSG (a matrix metalloproteinase inducer, +16.7-fold), EGR1 (a transcription factor previously identified in ovulatory follicles of rodents (1), +2.4-fold), and ADFP (+2.4-fold). Adipose differentiationrelated protein or ADFP is a lipid droplet protein involved in the intracellular transport of long-chain fatty acids, including arachidonic acid. Subsequent in vivo protocols confirmed that ADFP mRNA and ADFP protein levels increased in macaque granulosa cells of preovulatory follicles after administration of the hCG bolus, peaking at 36 h post-injection, and that co-administration of the PTGS2 inhibitor, celecoxib, markedly reduced ADFP mRNA levels. These studies identify ADFP as a novel LHand PG-regulated protein in granulosa cells of the primate ovulatory follicle that may enhance PG synthesis, steroidogenesis and/or other lipid-associated processes. These studies also portend discovery of other PG-regulated processes in primate ovulatory follicles using broad scale genomic and proteomic approaches.
PROGESTERONE SYNTHESIS AND ACTION
Although proposed years earlier by Rothchild (38) , direct evidence for local actions of progesterone (P) in the ovulatory, luteinizing follicle followed the discovery in the late 1980s that the midcycle LH surge not only promoted the development of the steroidogenic pathway catalyzing P synthesis, it also induced the expression of genomic P receptor (PGR or PR) in the luteinizing granulosa cells of monkeys and rodents (for review, see (39) ). Over the past decade, this phenomenon was observed in all mammalian species studied to date, from mice to domestic animals to primates. There appear to be species-differences in PR expression in other follicular compartments, since PR is detectable in the theca layer (and surrounding stroma) in primates, but not in rats. However, studies have focused primarily on the granulosa cell as a P target because of the prevalent use of the rodent model and the ease of collecting granulosa cells from ovaries by follicle aspiration. The duration of Pgr mRNA and PR protein expression in the ovulatory follicle and developing corpus luteum varies markedly between species.
PR is only transiently expressed in the preovulatory follicle of rats up until the time of ovulation (approx. 12 h), and only into the early luteal phase of some species, such as rabbits. However, appreciable genomic PGR in the developed corpus luteum occurs in species with long, functional luteal phases during the ovarian cycle, including domestic animals and primates. Both PR-A and -B isoforms are reportedly detectable, but again there may be species differences (e.g., PR-A predominates in rat granulosa cells, whereas PR-B is greater in macaque luteal tissue) and the ratio of PR-A to -B may change temporally in the tissue. In addition, mounting evidence suggests that P can have nongenomic (i.e., "rapid") actions in target cells, that may be mediated by membrane-associated receptors (40, 41) . Taken together, these data support the concept that the ovulatory, luteinizing follicle is not only a vital source of the steroid hormone P, but also a site of PRmediated actions of P in the ovary.
Since both P synthesis and PR expression increase rapidly in granulosa cells following the midcycle gonadotropin surge, P could play a local role in the three major events of the mature follicle: (a) reinitiation of oocyte meiosis, (b) ovulation, and (c) luteinization to form the corpus luteum. In the 1970s, investigators recognized that acute suppression of steroidogenesis prevented ovulation in rats (39) . Studies over the past decade have identified P as the critical steroid for ovulation in rodents, and extended this concept to primates. Two animal models were employed: (a) the Pgr (-/-) null, mutant mouse, and (b) the female rhesus monkey, in classical steroid ablationreplacement protocols wherein steroid synthesis/action is suppressed and individual steroids added back during the preovulatory interval to demonstrate specificity of action. In both models, exogenous gonadotropins are given to promote multiple follicular development followed by a bolus of hCG to stimulate periovulatory events.
Collectively, the data support a vital intrafollicular role for P in ovulation of the rodent and primate follicle. Generation of mice deficient in both PR-A and -B (Pgr -/-) yielded infertile animals that did not ovulate spontaneously or in response to exogenous gonadotropins (42) . Subsequently, generation of mice deficient in only one PR isoform indicated that deletion of PR-A severely impaired follicle rupture, whereas PR-B deletion did not (43) .
Studies in monkeys indicated that acute administration of a 3 beta-hydroxysteroid dehydrogenase (HSD3B) inhibitor (trilostane, Sanofi Pharmaceutical, Inc.), beginning at the time of hCG injection, prevented ovulation, but concomitant treatment with a potent progestin R5020, but not an androgen, dihydrotestosterone, restored follicle rupture (44) . Although P generated in response to the gonadotropin surge appears essential for ovulation, limited evidence suggests that P alone cannot replace or mimic the LH/CG action. At least at the doses tested, when the progestin R5020 was administered to monkeys at midcycle in place of the ovulatory hCG bolus, follicle rupture did not occur (45) .
Initial evidence suggested that P was not essential for reinitiation of oocyte meiotic maturation. But recent results from rodents (46), domestic animals (47), and monkeys (45) indicate that there may be a steroid/Pregulated pathway of oocyte maturation, perhaps reminiscent of direct progestin-induced meiosis in nonmammalian oocytes or via indirect actions on the cumulus cells surrounding the oocyte. Shimada and Terada (47) proposed that P acts via gonadotropin-induced PR in cumulus cells to reinitiate meiosis in porcine oocytes by disrupting gap junctions between cells in the COC. Borman and colleagues (45) reported that whereas P treatment in place of hCG as ovulatory stimulus did not cause follicle rupture, over 40% of the oocytes collected from unruptured follicles had resumed meiosis to reach metaphase I, matured to metaphase II in hours and fertilized in vitro. Although detailed studies are required, defects in oocytes and embryos following various regimens of steroid depletion and replacement support the concept that both steroid-dependent and -independent actions of the gonadotropin surge combine to achieve an optimal milieu for reinitiation of meiosis and oocyte maturation that is essential for fertilization and early embryogenesis in primates.
A role for P to promote luteinization of the ovulatory follicle may differ between species. Although initial reports (42) hinted otherwise, further studies in Pgr (-/-) null mice suggest that morphologic and molecular (e.g., CYP11A1 expression) indices of luteinization remain in the unruptured follicles (48) . In contrast, morphologic and functional (serum P levels in the subsequent luteal phase) indices suggest that luteinization, as well as ovulation, is suppressed in large antral follicles of monkeys during acute steroid ablation at midcycle, but restored by progestin replacement (44) . The broader role in primates may be related to the extended (38 h) periovulatory interval and major role of LH-(versus prolactin, in rodents) mediated events in luteal development and lifespan. One may hypothesize that the ovulatory function of PR-A signaling is conserved among species, and the predominant PR-B form in primates serves to promote the development and maintenance of luteal structure-function.
Investigators are now using sensitive molecular techniques (differential display, and real-time PCR) to identify genes/processes that are regulated by the ovulatory gonadotropin stimulus and local P action. Compared to rodent models (1), information on the primate ovulatory follicle has been slower to accumulate (Figure 2 ). Controlled ovarian stimulation cycles have been employed to evaluate the expression of cellular molecules involved in P synthesis (e.g., LDL receptor, steroidogenic enzymes) in granulosa cells of macaque antral follicles after administration of the ovulatory hCG bolus. These studies (49, 50) determined that: (a) in some cases, the dynamics of mRNA expression (e.g., increased STAR and HSD3B mRNA and decreased aromatase (CYP19A1) mRNA) were consistent with conversion of granulosa cells from primarily estrogen-to P-producing cells; but (b) mRNA expression (e.g., for HSD3B and CYP11A1) did not necessarily correspond to cellular steroidogenic activity; also (c) steroids/P play a role in regulating cholesterol uptake and utilization (e.g., LDL receptor and possibly STAR mRNA) in the luteinizing follicle, but (d) any role for P in regulating the steroidogenic enzymes leading to its synthesis is unclear -investigations with P synthesis inhibitors (51) yielded negative data, whereas use of PR antagonists (52) supports a stimulatory role for P.
Additional studies are needed which analyze the various compartments (including theca) of the ovulatory follicle, and include the developing corpus luteum in the early luteal phase of the cycle (53) .
Studies by Chaffin and colleagues (54) broadened the concept from rodents (55) to primates that the ovulatory gonadotropin stimulus markedly suppresses granulosa cell Figure 2 . Schematic of the concept that the LH surge stimulates synthesis of the steroid hormone progesterone (P), which acts as a critical intrafollicular factor essential for ovulation and luteinization in primates. Some of the processes and molecules observed to date that are Pregulated in granulosa cells of the macaque ovulatory follicle are listed. For further details see the text and review by Stouffer (39) . proliferation in the ovulatory follicle. The number of cells in a proliferative cycle (as judged by Ki67 immunostaining) declined rapidly from 50% at 0 h, to 20% by 12 h post-hCG injection, and 10% by 36h post-hCG. Important differences and similarities between these species in terms of mRNA expression of key proteins (e.g., cyclins B, D, E) and inhibitors (cyclin-dependent kinase inhibitors p21 and p27) were apparent. Notably, a similar pattern of the inhibitors was observed in both species, leading to the hypothesis that the early rise (12 h) in p21 was important for the initial decline in granulosa cell mitosis and the later rise (36 h) in p27 plays a role in maintaining cell cycle arrest in luteinized cells of the developing corpus luteum. It appeared that steroids/P do not play a critical role in the early decline in granulosa cell proliferation, but can regulate mRNA levels of cell cycle components such as cyclin B1 and p27. However, more studies are needed to understand the control of cell cycle activity within specific cell types in the luteinizing follicle (56) , including arrest of steroidogenic cells versus proliferation of microvascular cells.
An area that's received considerable attention is the proteases that may be important for the tissue remodeling associated with follicle rupture/oocyte release and luteinization. Chaffin and colleagues (57) provided evidence that members of the matrix metalloproteinase (MMP) family and their endogenous inhibitors (TIMPs) are dynamically expressed in granulosa cells of the primate follicle following administration of the ovulatory gonadotropin (hCG) bolus, and that expression of at least one important member (MMP1 or interstitial collagenase) and its inhibitor (TIMP1) is up-regulated by P. Moreover, expression of certain MMPs (e.g., MMP-1 (58)) and their inhibitors (e.g., TIMP-1 (58, 59) remained elevated during luteal development in the early luteal phase of the menstrual cycle. However, the complexity of the process is underscored by the realization that only five of at least 28 MMP-TIMP family members (for review, see (60)) were examined, that these enzymes/inhibitors are also regulated at the translational and post-translational level, and that their expression/activity likely varies between compartments (granulosa versus theca) and regions (apex versus base) of the ovulatory luteinizing follicle. Other classes of proteases, such as the serine proteases (e.g., plasmin/plasminogen activator) are expressed in the periovulatory follicle (61) and may be indirectly regulated by LH via P (62). Two P-regulated proteases (cathepsin L, and a disintegrin and metalloproteinase with thrombospondin motifs or ADAMTS1) were recently discovered and are suspected to contribute to ovulatory events in the rodent follicle (48) . ADAMTS1 is highly expressed in the luteinizing granulosa cells of the primate ovulatory follicle, as well as in the developing corpus luteum (63), but its regulation to date is unknown. Further studies are required to elucidate the expression, regulation and role of the myriad of proteases that may serve to control the ovulatory, luteinizing follicle in primates.
SYNTHESIS AND ACTION OF ANGIOGENIC FACTORS
Aside from pathologic and trauma conditions, blood vessel development in healthy adults is primarily limited to the ovary and reproductive tract, i.e., tissues that undergo sequential growth and regression during the ovarian cycle.
Notably, the importance of neovascularization of the luteinizing, ovulatory follicleparticularly in the previously avascular granulosa layer -for the development and subsequent function of the corpus luteum has been implied for years. Recently, considerable progress occurred following the discovery that two classes of factors with selective actions on the endothelial/periendothelial cells of the vasculature, i.e., the vascular endothelial growth factors (VEGF) and angiopoietins (ANGPT), are synthesized in the ovulatory, luteinizing follicle, including in the primate ovary (for review, see (64, 65) ). Moreover, administration of VEGF-or ANGPTantagonists markedly altered periovulatory events, thus supporting a critical role of these angiogenic factors in follicle health and function, including ovulation and luteal development.
Although several members of the VEGF family (VEGF-A to -F), as well as isoforms of individual VEGFs (e.g., the seven forms of VEGF-A ranging from 121 to 206 amino acids), have been detected in tissues, studies on the ovary have focused on the first discovered member VEGF (or VEGF-A). It is now evident that its lower molecular weight, secreted isoforms VEGF-121 and -165, its two receptors FLT1 or VEGF-R1 and KDR or VEGF-R2, and possibly two co-receptors neuropilin-1 and -2 (which facilitate VEGF-165 binding and action), are expressed in the primate ovary (66) . In addition, ANGPT1 and its TEK or Tie2 receptor, as well as the endogenous TEK antagonist ANGPT2, are expressed in the primate follicle and corpus luteum (66) , but progress on this angiogenic family has been limited by the paucity of reliable reagents to detect protein product. A model originally proposed to explain blood vessel development, maintenance and degeneration in embryonic tissues may be applicable to vascular events during growth versus atresia of follicles as well as corpus luteum development versus regression (67) . It is proposed that VEGF(-A) production promotes blood vessel development by stimulating endothelial cell proliferation, migration and cell-cell interaction to form tubular vessels, whereas ANGPT1 promotes vessel maturation by recruiting peri-endothelial support cells (e.g., pericytes) and thus supporting vessel integrity and function. In contrast, ANGPT2 antagonizes ANGPT1 action thereby destabilizing vessels which, in the presence of VEGF, may promote angiogenesis from existing vessels or, in the relative absence of VEGF, can cause vessel degeneration.
It is generally believed that VEGF expression in granulosa cells of the growing antral follicle in primates is low, but becomes prevalent in the granulosa surrounding the oocyte and in the theca cells of the preovulatory follicle (64) . After the ovulatory gonadotropin surge (or hCG bolus in stimulated cycles), VEGF protein levels are greatly elevated in the follicular fluid and granulosa cells prior to follicle rupture (68) . Evidence that this is a direct effect of LH comes from studies where in vitro exposure of nonluteinized granulosa cells from macaque preovulatory follicles to surge levels of gonadotropins increased VEGF levels in the culture media 10-100-fold (68) . Remarkably, hypoxic conditions, which are the primary stimulus of VEGF production and angiogenesis in many tissues, did not stimulate VEGF production by nonluteinized granulosa cells (69) . Rather, hypoxia-stimulated VEGF production was not evident until just prior to ovulation (36 h post-hCG injection) or in the early luteal phase (day 2-5 post-LH surge) in luteinized granulosa cells (70) and luteal cells from primates (71) . Although further studies are needed, especially on the role of other local factors (e.g., insulinlike growth factors (69)), the evidence suggests that the primary stimulus of VEGF synthesis changes as follicular granulosa cells differentiate into luteal cells, with LH losing its acute stimulatory activity and hypoxia gaining this action.
Much less is known about the synthesis and regulation of ANGPTs in the ovary, including in primates. Hazzard and colleagues (72) report that ANGPT1 and ANGPT2 mRNAs are detectable in preparations of granulosa cells from macaque preovulatory follicle. Moreover, administration of an ovulatory hCG bolus increases ANGPT1 mRNA levels 30-fold between 24 and 36 h post-injection, whereas ANGPT2 expression remained unchanged. These data are consistent with a modest role for ANGPT2 around the time of ovulation (perhaps to promote focal sites of vessel destabilization for angiogenesis), but a major action of ANGPT1 to promote pericyte recruitment and maturation of VEGF-stimulated new vessels in the luteinizing tissue of the developing corpus luteum.
Although the ovulatory hCG bolus increased ANGPT1 expression in granulosa cells, it is unclear if this is a direct effect; its late (more than 24 h post-hCG) onset may reflect the actions of other LHinduced local factors. Notably, steroid ablation during the periovulatory interval in monkeys (using trilostane as described earlier) decreased ANGPT1 mRNA expression, which was partially restored by progestin (R5020) replacement. Since ANGPT proteins and assays (R&D Systems) recently became available, more information on these angiogenic (ANGPT1) and potentially angiolytic (ANGPT2) factors should be forthcoming. The possible angiolytic action of ANGPT2 is supported by reports of increased expression in atretic follicles and the regressing corpus luteum (73) .
To examine the local actions of VEGF and ANGPTs in the ovulatory follicle in primates, Hazzard, Xu and colleagues injected either a VEGF antagonist (recombinant human soluble FLT1/Fc chimera, (74)) or the endogenous antagonist ANGPT2 (75) directly into the preovulatory follicle (day before or of the midcycle LH surge) during spontaneous menstrual cycles in rhesus macaques.
Compared to vehicle-injected controls, sFLT1/Fc treatment caused a dose-dependent decline in P levels circulating during the subsequent luteal phase, but did not shorten the lifespan of the corpus luteum. Laparoscopic evaluation of the ovaries 3 days postinjection, and removal of ovaries bearing the injected follicle for serial sectioning, indicated that: (a) all vehicleinjected follicles ovulated and displayed morphologic indices of luteinization, whereas, (b) the highest doses of VEGF antagonist prevented 50% of the follicles from ovulating (n=8 of 17), as confirmed by the absence of an ovulatory canal/stigmata and presence of a trapped oocyte. These unruptured follicles also displayed few signs of luteinization. Histologic evaluation of luteal tissue 6 days after injecting the antecedent follicle detected similar numbers of endothelial (PECAM1-positive) and steroidogenic (HSD3B-positive) cells in vehicle versus sFLT1/Fc treatment groups, but the less developed microvasculature, smaller luteal cells and large areas of vacant extracellular space in the later group, indicated defects in luteal structure-function.
In contrast to VEGF antagonism, intrafollicular injection of the endogenous ANGPT antagonist ANGPT2 (but not the agonist ANGPT1) completely blocked ovulation and prevented any rise in circulating P during the next two weeks, i.e., eliminated the anticipated luteal phase (75) . Laparoscopy 3 days post-injection revealed the absence of a stigmata on a darkened follicle, and serial sectioning identified an unruptured follicle whose antrum was filled with blood cells and a trapped, degenerating oocyte. Subsequent evaluation of hormone levels indicated that ANGPT2 injection was soon followed by another follicular phase, as estradiol levels rose and elicited another LH surge 11-12 days later in 3 of 5 animals, followed by a rise in serum P levels. A subsequent laparotomy on one of these animals 10 days post-injection revealed that the ANGPT2 injected follicle had disappeared, but another large follicle had developed on the contralateral (noninjected) ovary -which was presumably the source of circulating estradiol and the follicle destined to ovulate and form a functional corpus luteum a few days later.
These data are consistent with growing evidence that systemic administration of VEGF antagonists to monkeys during the mid-to-late follicular phase can disrupt follicle maturation, ovulation and corpus luteum function, presumably through disruption of vessel structure:function (e.g., vascular permeability) as well as angiogenesis (65) . However, the complete disruption of the ovulatory follicle by ANGPT antagonism, to the extent that follicle rupture is abolished, and the follicle degenerates rather than differentiating into the corpus luteum, supports a vital role for the ANGPT, as well as VEGF, system in controlling the maturation and differentiation of the ovulatory, luteinizing follicle in primates. Further studies on members of the VEGF and ANGPT families, as well as other factors that may have selective angiogenic activity in the ovary or steroidogenic glands (e.g., the recently discovered endocrine gland (EG)-VEGF/prokineticin 1 (PROK1 (76, 77, 78) ) are needed to define their roles in normal cyclic ovarian function (Figure 3) , as well as in the etiology of ovarian dysfunctions, e.g., luteal phase defects and ovarian hyperstimulation syndrome.
PERSPECTIVE
As summarized in Figures 1-3 , considerable progress is occurring in our understanding of the vital roles of locally-synthesized arachidonic acid products, steroids and angiogenic factors in mediating LH-induced ovulation and luteinization of the primate follicle. However, research to date typically focused on one member of each family, when it is likely, if not very probable, that other members have important roles in the ovulatory, luteinizing follicle. In addition, little is known regarding the mechanisms whereby these local factors control follicle rupture or luteinization. Until recently, investigators necessarily focused on a single process (e.g., tissue remodeling) and a limited number of gene products (e.g., MMPs and TIMPs). With the advent of high-throughput genomic and proteomic techniques, rapid advances are possible by analyzing gene and protein expression in the ovary on a broad scale (79) . However, researchers will need to rigorously validate that their results apply to the ovulatory, luteinizing follicle in the natural cycle, particularly if artificial, gonadotropinstimulated cycles are the model of choice for initial tissue analyses. Information is also needed on gene and protein expression in specific cell types (e.g., granulosa, theca, microvascular, immune cells) and follicular regions (e.g., apex, base, COC) that have different activities in the ovulatory, luteinizing follicle. Such studies will provide an essential database for investigations on the role(s) of novel, under-appreciated gene products in follicle rupture, COC maturation, and luteal development. This information should also provide a basis for better understanding the causes and treatment of ovary-based infertility and for developing novel ovary-based contraceptives. 
